Expression Profiling and Cellular Localization of Genes Associated with the Hair Cycle Induced by Wax Depilation  by Ishimatsu-Tsuji, Yumiko et al.
See related Commentary on page v
Expression Proﬁling and Cellular Localization of Genes
Associated with the Hair Cycle Induced by Wax Depilation
Yumiko Ishimatsu-Tsuji, Osamu Moro, and Jiro Kishimoto
Shiseido Life Science Research Center, Fukuura, Kanazawa-ku, Yokohama, Japan
The hair cycle is a highly regulated process controlled by multiple factors. Systematic analysis of gene expression
patterns in each stage of the hair cycle would provide information useful for understanding this complicated
process. To identify genes associated with the hair cycle, we used DNA microarray hybridization to analyze
sequential gene expression patterns in mouse skin following hair cycle synchronization by wax depilation.
Messenger RNA levels in mouse skin at various times after depilation were compared with those prior to depilation
(resting phase). According to their expression patterns, upregulated genes were categorized into four groups: early
anagen, middle anagen, late anagen/early catagen, and middle/late catagen, and processes that take place in each
stage were evaluated. We identiﬁed 12 new components that are speciﬁcally expressed in the hair follicle, 11 genes
in anagen including carbonic anhydrase 6, cytokeratin 12, and matrix metalloproteinase-11 in catagen that were
conﬁrmed using in situ hybridization. The strategy used here allowed us to identify unknown genes or process
previously not suspected to have a role in hair biology. These analyses will contribute to elucidating the
mechanisms of hair cycle regulation and should lead to the identiﬁcation of novel molecular targets for hair growth
and/or depilation agents.
Key words: DNA microarray sequence analysis/gene expression profiling/hair follicle/in situ hybridization
J Invest Dermatol 125:410 –420, 2005
The hair cycle is a highly regulated process. Three phases
have been defined in the mammalian hair cycle: anagen
(growing phase), catagen (regressing phase), and telogen
(resting phase) (Kligman, 1959). Intensive investigations
have revealed the involvement of numerous genes that
regulate the hair cycle, such as growth factors, adhesion
molecules, cytokines, hormones, neuropeptides, and tran-
scription factors (for reviews, see (Stenn and Paus, 2001)).
But, in order to elucidate the complete picture of the mo-
lecular mechanisms involved and to understand the regu-
lation of the hair cycle, many additional undiscovered
molecules and pathways need to be characterized.
Recently, multiple aspects in the hair follicle have been
guided by systematic analyses, including differential dis-
play, macroarray, and microarray analysis. DNA microarray
has emerged as one of the most powerful approaches for
systematic analysis, which detects changes in the expres-
sion of large numbers of genes. Using this method, several
genes and metabolic processes were revealed to function in
the hair follicle, such as GATA-3 in the cell fate decision of
hair follicle morphogenesis (Kaufman et al, 2003), the def-
ense response in alopecia areata (Carroll et al, 2002), or
epithelial stem cell-specific genes (Morris et al, 2004; Tum-
bar et al, 2004).
In this study, in order to identify genes involved through-
out the hair cycle, we analyzed the sequential gene expres-
sion pattern of mouse skin that had its hair cycle
synchronized by depilation. Taking advantage of DNA mi-
croarray hybridization, the messenger RNA (mRNA) levels in
mouse skin at days 1, 3, 6, 13, 19, 21, and 23 after de-
pilation were compared with genes expressed in skin with-
out depilation. We focused on genes that were upregulated
greater than 5-fold after hair induction, categorized them
into four groups, early anagen, middle anagen, late anagen/
early catagen, and middle/late catagen, and evaluated the
processes that may take place in each stage. Moreover, we
identified 12 new genes that are expressed specifically in
the differential stage of hair follicle using in situ hybridization
analysis and reverse transcription PCT.
Results
We used C57BL/6 mice that had their second hair cycle
synchronized into the anagen induction phase by wax de-
pilation at 8 wk of age. Figure 1 shows the morphology of
hair follicles at each time point. At days 3 and 6, epithelium
thickening was observed. At days 13 and 19, the formation
of the hair shaft was complete and elongation had occurred.
At day 21, typical morphologies of catagen, such as epi-
thelial strand and trailing connective tissue sheath, were
observed. According to the classification of hair cycle stag-
es in mice (Muller-Rover et al, 2001), day 1 mainly includes
anagen I hair follicles, day 3: anagen II, day 6: anagen III,
Abbreviations: AAT, a-1 antitrypsin; eIF5A, eukaryotic translation
initiation factor 5; EST, expressed sequence tag; LEF-1, lymphoid
enhancer factor-1; MMP, matrix metalloproteinase; PABP, poly-A-
binding protein; RT-PCR, reverse transcriptase polymerase chain
reaction; TSP-1, thrombospondin 1
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day 13: anagen V–VI, day 19: catagen I–IV, day 21: catagen
V–VII, and day 23: catagen VIII–telogen.
In order to analyze the molecular behavior in each stage
of the hair cycle, gene expression of the total skin from mice
taken at sequential time points after depilation (days 1, 3, 6,
13, 19, 21, and 23) was analyzed by DNA microarray hy-
bridization and was compared with telogen (day 0) skin.
Total skin taken from mice just before depilation (day 0) was
used as a control.
To obtain the complete picture of changes in gene ex-
pression during the hair cycle, the results of representative
microarray experiments at each time point are shown in log/
log scatter plots (Fig S1). Upregulated genes at each time
point are defined by the upper boundary lines at 2-, 3-, 5-,
and 10-fold. Genes upregulated more than 2- or 3-fold were
observed from day 1, the very early stage after depilation. At
days 13 and 19 (Fig S1D, E), genes significantly upregulated
more than 10-fold were observed, and a greater number of
genes were upregulated compared with the other times
examined. At day 23, changes had almost converged back
to the baseline control (Fig S1G).
Table I shows the percentage and absolute number of
genes upregulated reproducibly in duplicate microarrays
greater than 2-, 3-, 5-, and 10-fold at each time point. The
number of genes that had detectable and reproducible sig-
nals was not significantly different at each time point. Cor-
relation coefficients (r) between duplicate chips at the same
time points were calculated, and the data for genes elevat-
Table I. Percentage of upregulated genes at each time point after depilation
Day 1 Day 3 Day 6 Day 13 Day 19 Day 21 Day 23
2-fold 107 (1.4)a 147 (1.9) 123 (1.7) 443 (5.8) 668 (9.1) 55 (0.7) 16 (0.2)
3-fold 31 (0.4) 37 (0.5) 30 (0.4) 157 (2.1) 281 (3.8) 19 (0.3) 4 (0.1)
5-fold 9 (0.1) 9 (0.1) 7 (0.1) 51 (0.7) 79 (1.1) 11 (0.1) 0 (0.0)
(First exp) 24 (0.3) 17 (0.2) 69 (0.9) 121 (1.6) 88 (1.2) 14 (0.2) 4 (0.1)
(Second exp) 18 (0.2) 42 (0.6) 83 (1.1) 146 (1.9) 182 (2.5) 17 (0.2) 10 (0.1)
10-fold 1 (0.0) 1 (0.0) 1 (0.0) 24 (0.3) 24 (0.3) 6 (0.1) 0 (0.0)
Total genes detectedb 7395 7556 7443 7603 7344 7364 7010
Correlation coefficientc 0.69 0.44 0.26 0.82 0.86 0.73 0.11
Exp, experiment.
aAbsolute number of genes up-regulated reproducibly is in blacket.
bCorrelation coefficient between duplicate microarray experiments.
cThe number of genes that had a detectable signal reproducibly.
The signal value was calculated as the ratio between the signal intensity of the experimental data to the control (day 0 Telogen mice before wax
depilation) data.
Figure 1
Sequential changes in hair follicle morphology after wax depilation. Days indicate the day after depilation. Day 0 indicates telogen hair before
depilation. Scale bar: 100 mm.
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ed 5-fold in each experiment were obtained. The duplicate
data were significantly correlated at days 1 and 3, and were
highly significantly correlated at days 13, 19, and 21. At day
6, a weak correlation was observed, which is likely because
of the drastic changes in the hair cycle during this period so
that a mixed population of follicles at slightly different stag-
es coexists at this period. Consistent with the overview
shown in Fig S1, many genes were upregulated at days 13
and 19. At day 23, the transcripts fell within the 5-fold limits,
which might cause poor correlation (ro0.2) of duplicated
data.
We selected genes upregulated greater than 5-fold to
analyze in further detail. Most genes shown in Table I were
elevated at multiple time points. To characterize the ex-
pression profiling of each gene in the hair cycle, upregulated
genes at each time point were classified into 12 groups
named such as group a-l, by their expression patterns (Fig
2). Furthermore, each group was assigned to one or more
hair cycle stages, considering the morphology of the hair
follicle, as follows: ‘‘Early anagen’’ includes groups a–b, in
which the gene expression was upregulated at day 1; ‘‘mid-
dle anagen’’ includes groups c–e, in which the gene ex-
pression was upregulated at days 3 or 6 and with no change
at days 1 and 13; ‘‘late anagen and early catagen’’ includes
groups f–k, upregulated at days 13 or 19; and ‘‘middle and
late catagen’’ includes group l, upregulated at day 21 and
with no change at day 13.
Table II show transcripts that were upregulated in early
anagen, middle anagen, late anagen/early catagen, and
middle/late catagen, respectively (A complete list of the
genes upregulated in late anagen and early catagen is sup-
plied as Table S2). The numbers in the tables show the
average of fold-change of the two identical array experi-
ments. In late anagen, a substantial number of genes (106
genes) were included (Table S1). To elucidate processes
that take place during the formation of the hair follicle,
genes were classified according to their biological function.
The 106 genes were sorted into 14 functional groups, tran-
scription, translation, cell communication, cell adhesion,
signal transduction, axon guidance, transport, cytoskeleton,
ubiquitin cycle, defense response, metabolism, or others/
unknown, according to the biological process category or
molecular function category of the National Center for
Biotechnology Information (NCBI) Gene Ontology database.
Figure 2
Grouping of upregulated genes with similar expression patterns. Genes upregulated greater than 5-fold were grouped into 12 groups (a–l )
according to their expression patterns. Each group was classified further into four classes. (A) Early anagen (including groups a–b); (B) middle
anagen (including groups c–e); (C) late anagen/early catagen (including groups f–k); and (D) middle/late catagen (including group l ).
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In cases where the gene has several functions, we refer to
the function for which the gene is best known.
In order to confirm the hair follicle-specific expression of
these genes, mRNA localization was analyzed by in situ
hybridization. We preferentially selected 45 genes whose
localization in the hair follicle had not been previously
reported. Localization of signals for those 45 genes are
marked with ‘‘H,’’ ‘‘O,’’ and ‘‘N’’ in Table II. As a result, 12
newly identified genes gave detectable signals in the hair
follicle (Table III). In addition, Clusterin, which was previously
reported in the hair follicle (Seiberg and Marthinuss, 1995),
was also detected. Seventeen genes were detected in the
skin other than hair follicles, perhaps in putative mast cells,
nerves, vessels, and/or fibroblasts in the dermis. No signal
was detected at all for 15 genes.
Figure 3 shows the results of in situ hybridization of 11
genes upregulated in late anagen using paraffin sections of
mouse skin at day 13 after depilation. Carbonic anhydrase 6
was expressed in the outer root sheath above the boundary
of the dermis and subcutis. Cytidine 50-triphosphate synt-
hase was expressed in the cuticle below the boundary of
the dermis and subcutis. Cathepsin E was expressed in the
cuticle of the keratogenous zone. Poly-A-binding protein
(PABP)/cytoplasmic 1 (Sachs et al, 1986; Afonina et al,
1998; Deo et al, 1999) and eukaryotic translation initiation
factor 5 (eIF5A) (Nishimura et al, 2002) were expressed in
germinative hair matrix cells. Cytokeratin 12 was detected in
the inner root sheath of the hair bulb. In the cortex, keratin-
associated protein 3-3, expressed sequence tag (EST)
AA763224, high-glycine/tyrosine protein type I E5 mRNA,
Riken complementary DNA (cDNA) 4733401H21, and Riken
cDNA 1810008K03 were detected (Fig 3G–K). The signals
for KAP 3-3 and Riken cDNA 1810008K03 were detected in
more restricted areas of the cortex than EST AA763224 and
high-glycine/tyrosine protein type I E5 mRNA. The localiza-
tion of Riken cDNA 4733401H21 was in a characteristic
manner, showing an asymmetric expression pattern and
expression only in the skin surface side of the cortex.
To confirm the differential expression of newly identified
genes, we analyzed the expression of genes at different
stages of the hair cycle by quantitative PCR. Eleven of 12
genes that were identified in the hair follicle by in situ hy-
bridization at day 13 were upregulated remarkably in ana-
gen by reverse transcriptase polymerase chain reaction (RT-
PCR) (Fig 4A). Furthermore, we analyzed stage specificity
by in situ hybridization. Fig 4B–D shows representative dif-
ferential expression data of keratin 3–3, cytokeratin 12, and
carbonic anhydrase 6. Only cytokeratin 12 was detected,
not only in late anagen but also in telogen; however, the
signal-detected area was remarkably restricted in telogen,
which is consistent with the microarray results.
In catagen, the expression and localization of matrix
metalloproteinase (MMP)-11, which is known to be a unique
member of the MMP family (Murphy et al, 1993), was analy-
zed. Figure 4A-No. 12 shows the specific expression of
MMP-11 at catagen and telogen by RT-PCR. Figure 5
shows the staining of MMP-11 in anagen and catagen hair
follicles by in situ hybridization. The signal was detected in
the trailing connective tissue sheath of catagen hair follicles.
No signals were observed in anagen in contrast to catagen.
Discussion
Overview In this study, we analyzed the sequential changes
of gene expression patterns that occur throughout the hair
Table III. Genes detected in hair follicle by in situ hybridization
Gene name
Experiment 1 Experiment 2
Localization Stage
Expression value
Ratio
Expression value
RatioControla Sampleb Controla Sampleb
Carbonic anhydrase 6 299 33,217 4100ci> 604 42,682 70.7 ORS Late anagen
Cytidine 50-triphosphate synthase 391 2095 5.4 653 5678 8.7 Cuticle Late anagen
Cathepsin E 573 4215 7.4 501 9180 18.3 Cuticle Late anagen
Poly A-binding protein, cytoplasmic 1 166 1672 10.1 124 1745 14.0 Matrix Late anagen
Eukaryotic translation initiation factor 5 611 14,968 24.5 2628 30,646 11.7 Matrix Late anagen
Cytokeratin 12 517 1137 2.2 359 1849 5.1 IRS Late anagen
Keratin-associated protein 3–3 508 68,736 4100c 410 79,222 4100c Cortex Late anagen
EST AA763224 gene 142 72,401 4100c 111 95,502 4100c Cortex Late anagen
High-glycine/tyrosine protein type I E5 265 43,613 4100c 287 131,564 4100c Cortex Late anagen
Riken cDNA 4733401H21 gene 46 2989 65.2 67 3322 49.4 Cortex Late anagen
Riken cDNA 1810008K03 gene 515 5642 10.9 847 15,564 18.4 Cortex Late anagen
MMP-11 683 7898 11.6 224 1970 8.8 CTS Catagen
MMP, matrix metalloproteinase; ORS, outer root sheath; IRS, inner root sheath; EST, expressed sequence tag; cDNA, complementary DNA; CTS,
connective tissue sheath.
aExpression value at day 0.
bExpression value at day 13 for all genes except MMP-11 or day 21 for MMP-11.
cDefined ‘‘more than 100-fold’’ by Feature Extraction Software.
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cycle using DNA microarray hybridization. We identified
genes upregulated more than 5-fold at each time point of
the hair cycle and assigned them to four hair cycle stages: (I)
early anagen, (II) middle anagen, (III) late anagen/early cata-
gen, and/or (IV) middle/late catagen. Exploiting this list, we
could hypothesize processes that take place in each stage of
the hair cycle caused by physical stimulation,as follows: (I)
just after depilation: defense response or defense response-
related processes; (II) at 3 or 6 d after depilation: keratinocyte
proliferation-related processes; (III) late anagen and early
catagen: multiple processes including keratin intermediate
filament formation; and (IV) middle and late catagen: proc-
esses that include MMP-11 or thrombospondin (TSP)-1. On
the basis of these lists, we identified 12 novel components of
the hair follicle that had not been previously suspected to play
a role in hair biology, and confirmed their expression using
in situ hybridization analysis. The novel components identified
were mainly specific for late anagen or early catagen. Con-
sidering the fact that dynamic growth of the hair follicle takes
place at this time, the strategy we employed here, in which
total skin was used for starting material and mRNA from
hair follicle cells only represents a fraction of the total
mRNA analyzed on the cDNA gene chips, may be suit-
able to identify genes that directly function in the construction
or elongation of the hair follicle. Recently, Lin et al (2004)
reported the identification of hair cycle-associated genes
Figure 3
The localization of genes upregulated in late anagen. (A) Carbonic anhydrase 6; dotted line indicates the boundary of the dermis and subcutis.
(B) cytidine 50-triphosphate synthase. (C) cathepsin E; (D) poly-A-binding protein, cytoplasmic 1; (E) eukaryotic translation initiation factor 5;
(F) cytokeratin 12; (G) keratin-associated protein 3–3; (H) expressed sequence tag (EST) AA763224; (I) high-glycine/tyrosine protein type I E5;
(J) Riken cDNA 4733401H21; and (K) Riken cDNA 1810008K03. Arrows indicate the signals. Magnified views are shown in the insets. co, cortex;
cu, cuticle; IRS, inner root sheath; ORS, outer root sheath; DP, dermal papilla; cDNA, complementary DNA; EST, expressed sequence tag. Scale
bars: 100 mm.
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Figure 4
Differential expression of the microarray-identified genes during the hair cycle. (A) Semiquantitative RT-PCR. 1, carbonic anhydrase 6; 2,
cytidine 50-triphosphate synthase; 3, cathepsin E; 4, poly-A-binding protein, cytoplasmic 1; 5, eukaryotic translation initiation factor 5; 6, cytokeratin
12; 7, keratin-associated protein 3–3; 8, EST AA763224; 9, high-glycine/tyrosine protein type I E5; 10, Riken cDNA 4733401H21; 11, Riken cDNA
1810008K03; 12, MMP-11; 13, GAPDH. (B, C) Expression of cytokeratin 12 (B) and keratin-associated protein 3-3 (C) in telogen (day 0 without wax
depilation) and anagen (day 17 after wax depilation) was analyzed by in situ hybridization. (D) Sequential change of carbonic anhydrase 6 expression
during the hair cycle was analyzed by in situ hybridization. Note that the signal intensity of cytokeratin 12 in C was overexposed with automated
processing system compared with Fig 3F. Scale bar: 100 mm. EST, expressed sequence tag; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
RT-PCR, reverse transcriptase polymerase chain reaction; MMP, matrix metalloproteinase.
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by DNA microarray. They reported several genes expressed
at each hair cycle stage, which are consistent with our mi-
croarray results, such as hair keratins and hair-keratin asso-
ciated genes, carbonic anhydrase, and neuroblastoma myc-
related oncogene 1. On the other hand, other differences be-
tween their study and ours may be because of multiple fac-
tors, including differences in DNA microarray chips used
(Agilent cDNA array vs Affymetryx oligo array), hair cycle
models (wax depilation vs natural hair cycle), and/or analytical
methods (fold-changes vs clustering). Therefore, in order to
confirm the significant expression of genes from these ex-
perimental array data, confirmation of hair follicle specific or
follicle-associated gene expression by in situ hybridization
seems to be crucial, as we performed for our 11 newly iden-
tified genes.
Taking the results together, we consider each stage as
follows:
Early and middle anagen Six of the eight genes on the
early anagen list could contribute to inflammation, such as
lipocalin 2, schlafen 4, secretory leukocyte protease inhibitor,
S100 calcium-binding protein A9 (calgranulin B), chemokine
(C–C motif) ligand 7, and tissue inhibitor of metalloproteinase
(Table II). These observations suggest that two processes,
anagen induction and inflammatory or regenerative respons-
es to damaged epithelia, take place in this stage.
Four of eight genes on the middle anagen list (Table II)
could function in cell proliferation, such as cell division cy-
cle-associated 3, Shc SH2-domain-binding protein 1, kine-
sin family member C1, and baculoviral inhibitor of apoptosis
(IAP) repeat-containing 5. Two genes related to keratinocyte
differentiation, Small proline-rich protein 2A and retinol-
binding protein 2, are also included in this list. Cell cycle and
differentiation-related genes on the list might contribute to
keratinocyte proliferation during epithelium thickening,
which is markedly observed at day 3 and especially at
day 6 (Fig 1C, D).
Late anagen and early catagen A substantial number
of genes already reported to play some role in the hair
follicle are on this list (Tables II and S1). Components of
keratin intermediate filaments and EST of putative keratin-
associated proteins, which contribute to the structure of
hair fibers, were highly upregulated more than 10-fold.
Besides keratin-related proteins, lymphoid enhancer factor
(LEF)-1, forkhead box N1, and vitamin D receptor are also
on that list. These proteins had been reported to be crucial
for the hair cycle according to in vivo analysis by
gene targeting or overexpression in a transgenic model
(DasGupta and Fuchs, 1999; Hong et al, 2001; Kong et al,
2002). These facts suggest that other genes included in
Table II could play important roles in the hair follicle. Other
genes on the list could have functions in the hair cycle, as
follows:
Catalytic enzymes Cytidine 50-triphosphate synthase plays
a role in the biosynthesis of nucleic acids and membrane
phospholipids (Ostrander et al, 1998; Hatse et al, 1999), and
cathepsin E, an endolysosomal aspartic proteinase, is
known to be predominantly expressed in immune system
cells. Besides lymphoid tissues, cathepsin E is distributed in
multiple tissues and cell types, such as the gastrointestinal
tract, blood cells, and microglia (Nakanishi et al, 1993;
Ikuzawa et al, 2003). Carbonic anhydrase 6, a zinc-con-
taining enzyme, is known to be secreted in saliva and
regulates oral pH (Kivela et al, 1999). Recently, the morpho-
genetic roles of carbonic anhydrase 6 in taste bud growth
(Thatcher et al, 1998) and in development of the infant
alimentary tract (Karhumaa et al, 2001) have been reported.
Moreover, carbonic anhydrase 6 has been suggested to
contribute to taste dysfunction resulting from zinc deficien-
cy (Goto et al, 2000) and alopecia, which also results from
severe zinc deficiency (Prasad, 1988). It is possible that
carbonic anhydrase 6 and two other catalytic enzymes play
roles in keratinocyte differentiation in the hair follicle as in
Figure 5
Localization of MMP-11 in catagen. Localiza-
tion of MMP-11 during catagen was analyzed by
in situ hybridization (A–D). (A) Late anagen; (B)
early catagen; (C) middle catagen; and (D) late
catagen. Arrows indicate the signals. MMP, ma-
trix metalloproteinase; CTS, connective tissue
sheath; DP, dermal papilla. Scale bars: 100 mm.
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other tissues. A recent report by Lin et al (2004) also showed
late anagen and early catagen expression of carbonic an-
hydrase 6 in the natural murine hair cycle, which is con-
sistent with our observations, and suggests its relation to
apoptotic events.
Cell proliferation The detection of two cell proliferation-
related genes, PABP/cytoplasmic 1 and eIF5A, in germina-
tive matrix cells is also noteworthy. PABP recognizes the 30
poly-A mRNA tail and plays critical roles in eukaryotic
translation initiation and mRNA stabilization/degradation
(Sachs et al, 1986; Afonina et al, 1998; Deo et al, 1999).
Because its expression is elevated in growing cells, it has
been implicated in cell proliferation (Gorlach et al, 1994).
The gene product of eIF5A has also been implicated in cell
viability and cell proliferation (Nishimura et al, 2002; Park
et al, 2003). The hair matrix is considered to be occupied by
‘‘transient amplifying’’ cells that proliferate constantly during
anagen (Paus et al, 1994; Xu et al, 2003). Thus, it is rea-
sonable to assume that these two proteins participate in the
proliferation of the hair matrix. Moreover, eIF5A is the only
protein known to undergo hypusination, a unique post-
translational modification for activation (Park et al, 2003).
The regulation of hypusination could also be important in
the anagen hair follicle.
Transcription in the hair cortex The identification of five
genes (keratin-associated protein 3-3, ESTAA763224, high-
glycine/tyrosine protein type I E5, Riken cDNA 4733401H21,
and Riken cDNA 1810008K03) in the hair cortex is also
noteworthy. Expecting that these genes could be regulated
by similar transcriptional mechanisms, we investigated
transcription factor-binding sites in the 50 upstream regions
from 3000 to 1 of each gene in detail, except for EST
AA763224, whose full-length cDNA has not yet been se-
quenced. As a result, the binding motifs of two transcription
factors (LEF-1 and runx-1) are found in the 50 upstream re-
gion of all five genes. LEF-1 is a well-known transcription
factor that participates in regulating multiple keratin ex-
pression and is important for hair follicle patterning (Zhou
et al, 1995). Although runx-1 is the most frequently trans-
located gene in human leukemia, and has not been previ-
ously reported to be involved with hair follicle formation, it
could regulate transcription cooperatively with LEF-1
through recruitment of the co-repressor TLE1 (Levanon
et al, 1998; Lutterbach et al, 2000). Interestingly, both LEF-1
and runx-1 are upregulated in late anagen and are also list-
ed in Tables II and S1. It is possible that these two tran-
scription factors may play important cooperative roles in
hair cortex formation.
Eye components Cytokeratin 12, which is known to be a
component of the corneal epithelia (Ferraris et al, 2000),
was detected in the inner root sheath of the hair bulb. Sug-
gestively, the expression of crystallin b A4 (which is the
major component of the eye lens) and aquaporin 1 water
channel (which is present in the ciliary body of the eye) (Patil
et al, 2001) was also elevated in anagen (Tables II and S1).
Corneal epithelium and epidermal keratinocytes are known
to share a common embryological origin and to diverge re-
versibly during embryogenesis. In addition to their embryo-
logical identity, the hair follicle and cornea might share
common properties even in adult tissues.
Middle and late catagen Only two genes, TSP-1 and met-
alloproteinase-11, were significantly increased in these
stages. TSP-1 has been reported to play a critical role in
the induction of hair follicle involution and in vascular re-
gression during the catagen phase (Yano et al, 2003). MMP-
11 is known to be a unique member of the MMP family,
which is not directly involved in extracellular matrix degra-
dation (Murphy et al, 1993). It had not been reported to be
involved with the hair cycle, but it is expressed in tissues
undergoing active remodeling associated with embryonic
development, wound healing, and tumor invasion (Basset
et al, 1990; Okada et al, 1997; Boulay et al, 2001). Its unique
substrate specificity might be a clue to reveal its function. a-
1 antitrypsin (AAT) and insulin-like growth factor-binding
protein-1 have been identified as physiologic targets for
MMP-11 (Pei et al, 1994; Manes et al, 1997). It is noteworthy
that AAT is upregulated in anagen and is listed in Tables II
and S1. It is possible that AAT plays some role in anagen,
and its disappearance may be important during catagen
progression. Recently, both MMP-11 and AAT were impli-
cated in apoptosis (Daemen et al, 2000; Ishizuya-Oka et al,
2000; Hagglund et al, 2001). Apoptosis is an important
process during the regression of the catagen hair follicle
(Lindner et al, 1997; Soma et al, 2002). It could be spec-
ulated that MMP-11 expression in the trailing connective
tissue sheath contributes to the regulation of epithelial re-
gression. From these observations, the regulation of MMP-
11 activity by 4- Abz- Gly- Pro- D- Leu- D- Ala- NH- OH
(MMP inhibitor I) or by a specific inhibitor of MMP-11 (Mat-
ziari et al, 2004) or the regulation of its gene expression by
all trans-retinoic acid, FGF2, insulin-like growth factor-II,
epidermal growth factor, platelet-derived growth factor, in-
terleukin-6, and/or 12-O-tetradecanoylphorbool-13-acetate
(Anderson et al, 1995; Delany and Canalis, 1998; Singer
et al, 1999) could have significant effects on the hair cycle.
Materials and Methods
Tissue preparation Female C57BL/6 mice (Charles River Labo-
ratories, Atsugi, Japan), approximately 8 wk of age, were used for
microarray and gene localization analysis, because the hair cycle is
well characterized in this mouse strain (Muller-Rover et al, 2001).
The hair cycle was synchronized on the dorsal skin by wax de-
pilation as described previously (Yano et al, 2001). Pigmentation of
the skin, which is the sign of hair induction, was observed from day
6 after depilation. Dorsal skin at days 1, 3, 6, 13, 19, 21, and 23
after depilation and at day 0, the day before depilation, was used.
All animal procedures had the approval of the ethical committee of
Shiseido Research Center.
Preparation of total RNA Total RNA was extracted as described
previously (Wada et al, 2002). Briefly, after being euthanized, mice
were shaved with mechanical clippers and total, full-thickness
dorsal skin was dissected free. Underlying fascia and soft tissue
were removed, and the skin was cut into small (0.5 cm) pieces
and frozen quickly in liquid nitrogen. The frozen skin pieces were
physically crushed with a Cryo-press apparatus (Microtec,
Funabashi, Japan) for 45 s. Each powdered sample was dissolved
in 1 mL ISOGEN (NIPPON GENE CO., LTD, Toyama, Japan), and
total RNA was isolated. After RNA precipitation, RNA was puri-
fied using an RNeasy spin column system, according to the
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manufacturer’s instructions (Qiagen Inc., Valencia, California). Total
RNA quality was assessed by recombinant RNA ratio [28S/18S]
using an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto,
California).
Microarray analysis Two experiments were performed, and the
results of the two studies were statistically analyzed using two
control–sample pairs of mice, a total of four mice for each time
point. cDNA microarray analysis was performed according to the
manufacturer’s instructions (Agilent Technologies) as previously
described (Seseke et al, 2004). Thirteen micrograms of total RNA
was converted to fluorescently labeled cDNA by in vivo transcrip-
tion using the Fluorescent direct label kit (Agilent Technologies) in
the presence of oligo(dT) primer (5 mM), Moloney muria leukemia
virus (MMLV)-reverse transcriptase (10 U), and CTP labeled with
fluorescent dye. Fifty micromoles Cyanine 5-dCTP (Perkin-Elmer,
Boston, Massachusetts) was used for samples from day 1, 3, 6, 13,
19, 21, and 23, and Cyanine 3-dCTP for the control from day 0. The
resulting labeled cDNA of each sample and control were mixed
and hybridization to the microarray on which 8720 genes are spot-
ted (the mouse cDNA microarray: G4104A, Agilent Technologies)
was performed overnight at 651C. Microarray slides after hybrid-
ization were washed with 0.5  SSC and 0.01% sodium dodecyl
sulfate and then washed with 0.06  SSC. After drying the slides,
the fluorescence of bound cDNA on the microarrays was quantit-
ated using a microarray scanner (Agilent dual-laser Microarray
scanner G2565AA). The signals were analyzed using Feature Ex-
traction Software (Agilent Technologies), excluding the data from
signals that was recognized as outlier or equal to background. The
signal value was calculated as the ratio between the signal inten-
sity of the experimental data to the control data. Scattering of the
ratios between duplicate experiments were calculated as correla-
tion coefficients using statistical function ‘‘CORREL’’ with Microsoft
Excel software.
In situ hybridization In situ hybridization was performed on 4 mm
sections of 10% formalin-fixed, paraffin-embedded skin. For the
analysis shown in Figs 3A–F and 5, a signal amplification method
based on the deposition of biotinylated tyramide was used as de-
scribed previously (Kerstens et al, 1995). True blue peroxidase
substrate (Kirkegaad & Perry Laboratories Inc., Gaithersburg, Mar-
yland) was used as a color-developing reagent and nuclear fast red
(Sigma, St Louis, Missouri) was used as a counterstain. For the
analysis shown in Figs 3G–K and 4, the genes that have relatively
abundant signals, and for objective comparison of the signal in-
tensity among different hair cycle stages avoiding the bias by the
manual handling in situ protocol, an automated slide-processing
system (Discovery, Ventana Medical Systems, Inc., Tucson, Arizo-
na) was used with protocols (Lindner et al, 1997), designed based
on the standard protocol described in the RiboMap application
note. Signals were detected automatically using the BlueMap NBT/
BCIP substrate kit (Ventana, Tucson, Arizona) for 3 h at 371C. For
probe preparation, a mouse cDNA for each gene was amplified by
RT-PCR using gene-specific primer sets listed in Table S2. Dig-
oxigenin-labeled antisense and sense RNA probes were prepared
by in vitro transcription with T7 RNA polymerase, using amplified
cDNA of each gene as a template.
RT-PCR One microgram of total RNA was used for first-strand
cDNA synthesis using superscript II (Invitrogen Corp., Carlsbad,
California) according to the manufacturer’s instructions; 1/50th of
the synthesized cDNA was used as a template for PCR using
Ampli-Taq Gold (PE Biosystems, Roppongi, Tokyo, Japan) and
gene-specific primer sets listed in Table S2. After 10 min incubation
at 941C to activate the polymerase, each cDNA was amplified by
the following iterative incubation 30 s at 941C, 1 min at 551C, and 1
min at 721C with respective PCR cycles listed in Table S2 (shown
as a supplement), separated on 1.5% agarose gels, and visualized
by ethidium bromide staining.
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